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People are frequently reminded of past experiences (Berntsen, 
1998; Hintzman, 2011), but how the properties and extent of 
memory reactivation modify subsequent retrieval is unre-
solved (e.g., Diekelmann, Buchel, Born, & Rasch, 2011; 
Schiller & Phelps, 2011). Reactivating a memory following 
consolidation can bring a stable memory into a labile state, 
which requires a period of reconsolidation that is sensitive to 
pharmacological modification (Misanin, Miller, & Lewis, 
1968; Nader, Schafe, & Le Doux, 2000). Moreover, reactiva-
tion preceding new learning can increase memory interference 
(Hupbach, Gomez, Hardt, & Nadel, 2007) and prevent a 
learned fear response from returning (Schiller et al., 2010). 
Reactivation-induced modification of memory thus provides 
an opportunity for memories to be enhanced or updated (John-
son & Chalfonte, 1994). However, such adaptive updating 
processes—critical for the operation of a dynamic memory 
system that flexibly incorporates relevant new information—
could also contribute to certain kinds of memory distortion 
(Hardt, Einarsson, & Nader, 2010; Schacter, 2012; Schacter, 
Guerin, & St. Jacques, 2011).

It is also well known that memory can be strengthened  
by additional rehearsal. However, the properties of rehearsal 
can differentially affect later memory. For example, spaced 

studying has greater benefits for long-term memory than 
massed studying does (Ebbinghaus, 1885/1913). Further, 
repeated testing enhances later memory more than repeated 
studying does (for a review, see Roediger & Karpicke,  
2006). Reminder cues may also differ in their effectiveness in 
reactivating a memory (e.g., Forcato, Argibay, Pedreira, & 
Maldonado, 2009; Hupbach, Hardt, Gomez, & Nadel, 2008). 
However, it remains unknown whether the properties of reac-
tivation can selectively enhance and also distort personal 
memories.

We developed a museum paradigm to investigate whether 
the properties of reactivation affect subsequent retrieval of 
personal memories. People conducted a self-guided museum 
tour while wearing a camera that automatically took photo-
graphs using a timer (e.g., St. Jacques, Conway, Lowder, & 
Cabeza, 2011; St. Jacques, Rubin, LaBar, & Cabeza, 2008). 
Following a 48-hr delay, they were shown photos of stops 
from events in their tour (i.e., retrieval cues) and then rated the 
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degree to which novel photos (taken from a different tour of 
the same exhibits) were related to those events (i.e., reactiva-
tion of the museum event preceded encoding of the novel 
photo). We manipulated whether the retrieval cues matched or 
mismatched the memory encoding experience at the museum 
(Tulving & Thompson, 1973; see Fig. 1), thus influencing the 
level and quality of retrieval. We predicted that reactivation 
would both enhance and distort memory via updating, and 
therefore lead to an increase in subsequent true and false 
memory.

Study 1
Method
Participants. Potential participants were excluded if they had 
previously visited the museums where the tours took place. 
Two additional participants were excluded because instruc-
tions were not followed or technical issues arose. The final 
sample consisted of 42 participants (27 women, 15 men; mean 
age = 21.11 years, SD = 2.87 years). All gave informed con-
sent, and this study was approved by the ethics committee at 
Harvard University.

Procedure. The study involved three sessions. In Session 1, 
participants were given a tour booklet outlining a self-guided 
tour of the adjoining Harvard Natural History and Peabody 
museums. They were asked to wear a ViconRevue (Vicon, 
Oxford, United Kingdom) camera, which automatically takes 
photos every 15 s using a timer. The tour was composed of 32 
events, each containing six discrete stops that would normally 
be conducted at a museum (e.g., examining a display case). 
There were two versions of the tour; they included the same 
museum events, but differed in the last two stops in each event. 
These alternate stops involved similar content (e.g., one video 
vs. another), but the alternate stops from one tour version were 
unseen in the context of the other tour version. Photos of the 
alternate stops in each event were used as lures for recognition 
memory, and the two tour versions were counterbalanced 
across participants. Participants were instructed to complete 
only the stops described in their tour. Photographs from each 
participant’s camera were inspected to ensure that the partici-
pant adhered to the instructions, and if the camera captured a 
photograph of an alternate stop for an event, that event was 
excluded from further analysis. A photograph depicting each 
stop within each museum event was selected to use in the later 
sessions.
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Fig. 1. Illustration of the trial sequence during the reactivation session. Forty-eight hours following the museum tour, participants were shown 
“movies” of events they had experienced during the tour. Each movie consisted of six (Study 1) or four (Study 2) photos of stops from that 
event. (Only the first four stops are included here in the examples from Study 1.) In the reactivation-match condition, the stops matched ones 
the participant had experienced during the tour. In the reactivation-mismatch condition, a mismatch was created by altering the temporal order 
of the last four stops in the event (Study 1) or by presenting photos from a control set that altered the perspective by changing the angle, height, 
or both. Following a 0.5-s delay, a novel photo of the same exhibit, but from an alternative tour version, was presented, and participants rated 
the relatedness of that photo to the museum event just shown. In Study 2 only, they then rated their confidence in the relatedness judgment and 
their sense of reliving the event while viewing the event movie.
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Session 2, reactivation, took place following a 48-hr delay. 
On each trial, participants were shown an event “movie” con-
sisting of six photographs of the stops from that event, pre-
sented at a rate of 1.25 s per photo. Following a 0.5-s fixation 
interval, participants were shown a novel photo of one of the 
alternate stops for that event (i.e., the stop was at the same 
exhibit, but the participant had not been at that particular stop 
during the tour). Participants made a yes/no judgment as to 
whether the novel photograph was related to the event in the 
movie. One novel photo was shown for each event included in 
the reactivation session.

Reactivation was manipulated within participants on the 
basis of the principle of encoding specificity (Tulving & 
Thompson, 1973). Specifically, on some trials, we changed 
the temporal order of the photos depicting the last four stops 
within the event such that the order differed from the order of 
the stops experienced during the museum tour. Recalling 
memories in the correct temporal order (as opposed to the 
incorrect order) has been previously shown to produce more 
detailed and faster retrieval of personal memories (Anderson 
& Conway, 1993; Radvansky, Copeland, & Zwaan, 2005). 
Thus, we reasoned that photo cues presented in the correct 
temporal order would result in a greater level of reactivation 
than cues shown in the incorrect temporal order. Three quar-
ters of the museum events were shown during reactivation, 
and the remaining were used for the baseline condition.

Session 3 took place 48 hr following reactivation. Partici-
pants were asked to make yes/no recognition decisions on 
pairs of photos; each pair consisted of two targets or a target 
and a lure. Target-target pairs depicted two of the six possible 
stops from the same museum event. Target-lure pairs depicted 
one of the six possible stops from an event (i.e., target) along 
with one of the alternate stops for that event (i.e., lure). A 
given photo was presented only once during this session. Par-
ticipants were instructed to respond “yes” to a pair only if the 
photos showed stops that had been experienced together dur-
ing an event at the museum. Photo pairs belonged to three con-
ditions: reactivation match (i.e., the event that the photos were 
taken from had been shown during reactivation with stops in 
their correct temporal order), reactivation mismatch (i.e., the 
event that the photos were taken from had been shown during 
reactivation with stops in incorrect temporal order), and base-
line (i.e., the event that the photos were taken from had not 
been shown during reactivation). Participants rated their con-
fidence in each judgment on a 4-point scale.

Results
Session 2: reactivation. Reaction times to the novel photos 
did not differ significantly between the reactivation-match 
condition (M = 3.77 s, SD = 0.37 s) and the reactivation- 
mismatch condition (M = 3.87 s, SD = 0.38 s). Similarly, the 
proportion of correct relatedness judgments did not differ 
between these two conditions (match: M = .85, SEM = .03; 
mismatch: M = .84, SEM = .03).

Session 3: recognition memory. Hit and false alarm rates in 
all three conditions are presented in Table 1. Analyses of data 
from the recognition session were conducted on difference 
scores (reactivation condition – baseline condition). Confi-
dence in recognition judgments and reaction times for both 
recognition and confidence judgments did not differ between 
the two reactivation conditions. A 2 (memory type: hit, false 
alarm) ! 2 (reactivation condition: match, mismatch) repeated 
measures analysis of variance (ANOVA) on the difference 
scores for recognition responses revealed a main effect of 
memory type, F(1, 39) = 25.16, p < .0001, "p

2 = .39, suggest-
ing that prior exposure had a greater influence on the propor-
tion of false alarms than on the proportion of hits (relative to 
baseline). As predicted, we also found a main effect of reacti-
vation condition, F(1, 41) = 8.59, p < .01, "p

2 = .17; both hit 
and false alarm rates increased more (relative to baseline) in 
the reactivation-match condition than in the reactivation-mis-
match condition (Fig. 2a). There was no interaction.

Study 2
In Study 2, we attempted to replicate the findings in Study 1 
using a different manipulation of reactivation: perspective. Per-
sonal memories recalled from a first-person perspective are 
associated with more vivid recall than memories recalled from 
a third-person perspective (e.g., Rice & Rubin, 2009). Thus, we 
reasoned that retrieval cues from a perspective that matched the 
original encoding perspective (Tulving & Thompson, 1973) 
would result in a greater level of reactivation than cues from a 
perspective that mismatched the original encoding perspective. 
Additionally, we directly measured reactivation by asking par-
ticipants to judge the amount of reliving, or the subjective sense 
of recollection or reexperience, associated with viewing the 
museum photographs during the reactivation session.

Method
Participants. There were 41 participants (23 women, 18 men; 
mean age = 21.44 years, SD = 2.22 years) in Study 2. One 

Table 1. Mean Proportion of Hits and False Alarms in the Two 
Studies

Study and condition    Hits False alarms

Study 1
 Reactivation match .77 (.02) .64 (.03)
 Reactivation mismatch .71 (.04) .59 (.03)
 Baseline .65 (.03) .38 (.03)
Study 2
 Reactivation match .80 (.02) .52 (.03)
 Reactivation mismatch .58 (.03) .44 (.03)
 Baseline match .72 (.02) .29 (.02)
 Baseline mismatch .53 (.03) .28 (.03)

Note: Standard errors of the mean are given in parentheses.
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additional participant was excluded because of technical 
issues.

Procedure. The procedure was similar to that of Study 1, 
except as noted here. The museum tour was increased to 53 
events, each consisting of four stops, to accommodate an addi-
tional condition.

During Session 2, we manipulated reactivation within par-
ticipants by changing the perspective of the photographs in 
some trials. In the reactivation-match condition, the photo-
graphs in the event movies were participants’ own photo-
graphs, whereas in the reactivation-mismatch condition, the 
photographs were from a control set of images in which per-
spective was altered by changing the angle or height (or both) 
from which the photographs were taken. Each event movie 
consisted of four photos, one for each stop in the event. The 
novel photo following a given event movie was from the alter-
nate version of the tour and depicted a stop from a typical per-
spective (i.e., from the participant’s own camera), in the match 
condition, or from an atypical perspective (i.e., from a control 
set of photos that altered the angle, height, or both), in the 
mismatch condition. Participants were asked to make a yes/no 
relatedness decision and then to rate their confidence in their 
relatedness judgment and to indicate the sense of reliving 
associated with viewing the event movie; both response scales 
ranged from 1, low, to 5, high (Fig. 1). Half of the museum 
events were shown during reactivation, and the remaining 
were in the baseline conditions.

During Session 3, a single photo was shown in each trial of 
the yes/no recognition test. Target photos (i.e., photos of 
museum stops during the tour) and lure photos (i.e., photos  
of alternate stops from the other tour) were selected for both 
the reactivation conditions and the baseline conditions. Each 
reactivation condition had a corresponding baseline condition 
to control for potential differences in memory performance 
due to the difference in the perspectives (typical vs. atypical) 
of the photographs. Baseline-match photographs were the par-
ticipant’s own photographs (i.e., targets) or photographs taken 
from the alternative museum tour (i.e., lures). Baseline-mis-
match photographs were taken from the control set of photo-
graphs that altered the perspective of stops within museum 
events; they depicted either stops in the participant’s tour (i.e., 
targets) or alternate stops from the other tour (i.e., lures). Par-
ticipants were instructed to respond “yes” only to photographs 
depicting stops they had experienced during their museum 
tour. They also rated their confidence in each judgment on a 
5-point scale ranging from 1, low, to 5, high.

Results
Session 2: reactivation. Reaction times for relatedness judg-
ments did not differ between the match condition (M = 2.61 s, 
SD = 0.66 s) and the mismatch condition (M = 2.70 s, SD = .73 
s). The proportion of correct responses also did not differ 
between the two conditions (match: M = .85, SEM = .03; mis-
match: M = .84, SEM = .03). Participants were more confident 
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Fig. 2. Recognition memory performance in (a) Study 1 and (b) Study 2. Performance was measured by subtracting the proportion 
of hits and false alarms in the baseline condition from, respectively, the proportion of hits and false alarms in each reactivation 
condition. For Study 2, hit and false alarm rates in the two reactivation conditions are shown separately for participants who 
reported a greater difference in reliving between the conditions and those who reported a smaller difference (as determined by a 
median split on the difference in reliving ratings between the reactivation match and mismatch conditions). Error bars represent 
±1 SEM.
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in the match condition (M = 4.01, SEM = 0.08) than in the 
mismatch condition (M = 3.66, SEM = 0.08), t(39) = 4.32, p < 
.0001; however, reaction time for the confidence judgments 
did not differ between the two conditions. Additionally, par-
ticipants were faster to rate reliving on match trials (M = 1.38 
s, SD = 0.52 s) than on mismatch trials (M = 1.54 s, SD = 0.46 
s), t(40) = 4.08, p < .0001, and these ratings differed signifi-
cantly between conditions (match: M = 3.79, SEM = 0.07; mis-
match: M = 3.27, SEM = 0.08), t(40) = 5.82, p < .0001; these 
results suggest that the perspective manipulation was effective 
in altering the properties of reactivation.

Session 3: recognition memory. Table 1 presents the mean 
hit and false alarm rates in the four conditions. Data from  
the recognition session were analyzed using difference  
scores (reactivation condition – corresponding baseline condi-
tion). Confidence ratings were higher for false alarms (M = 
0.52, SEM  = 0.17) than for hits (M = #0.01, SEM = 0.06),  
F(1, 40) = 8.42, p < .01, "p

2 = .17. Reaction times for the con-
fidence and recognition responses did not differ between the 
two reactivation conditions.

A median split on the difference in reliving between the two 
reactivation conditions was used to categorize participants as 
reporting high versus low levels of reliving. A 2 (memory 
type: hit, false alarm) ! 2 (reactivation condition: match, mis-
match) ! 2 (reliving: high, low) mixed, repeated measures 
ANOVA on the difference scores for recognition responses 
revealed that individual differences in reliving between the 
reactivation-match and reactivation-mismatch conditions 
modulated the magnitude of the influence of reactivation on 
memory. There was a significant Reactivation Condition ! 
Reliving interaction, F(1, 39) = 9.33, p < .005, "p

2 = .19 (see 
Fig. 2b). This interaction was explained by the fact that there 
was a significant difference in recognition between the reacti-
vation-match and reactivation-mismatch conditions only in 
the high-reliving group, F(1, 20) = 9.12, p < . 01, "p

2 = .31; in 
that group, reactivation increased both hits and false alarms 
significantly more in the reactivation-match condition than in 
the reactivation-mismatch condition. Thus, participants who 
showed the greatest difference in reliving ratings between the 
reactivation conditions also showed the greatest difference in 
the influence of the level of reactivation on subsequent recog-
nition memory. There was an additional main effect of mem-
ory type, F(1, 39) = 25.16, p < .0001, "p

2 = .39; the influence 
of reactivation was greater for false alarms than for hits. The 
main effect of reactivation condition approached significance 
(p = .09); this marginal effect suggested that reactivation had a 
greater effect in the match condition than in the mismatch con-
dition, but this effect was qualified by the significant Reacti-
vation Condition ! Reliving interaction. In an analysis 
including the data from both studies, however, we found a sig-
nificant main effect of reactivation condition, F(1, 81) = 8.40, 
p < .005, "p

2 = .09, and no interaction between reactivation 
condition and study.

Discussion

In two separate studies, we found that selectively reactivating 
personal memories influences subsequent retrieval. Our data 
are consistent with the long-standing idea that retrieval is an 
active process that can modify memory (Semon, 1923; see 
also Schacter, 2001). Previous studies have shown that a con-
textual reminder cue preceding new learning can degrade or 
interfere with later memory of the originally encoded memory 
(e.g., Hupbach et al., 2007; Schiller et al., 2010; Schwabe & 
Wolf, 2009; Walker, Brakefield, Hobson, & Stickgold, 2003). 
Here we have shown, for the first time, that manipulating 
properties of reactivation selectively influences personal 
memories by both enhancing and distorting memory via 
updating.

The memory distortion we observed resembles in some 
respects other previously documented memory distortions 
involving source-memory confusion for information presented 
after study. For example, in the postevent misinformation par-
adigm (for a review, see Loftus, 2005), the misinformation 
effect mainly reflects a failure to recollect the source of misin-
formation—that is, whether it was presented during the origi-
nal event or later (e.g., Zaragoza & Lane, 1994). Similarly, 
after viewing a videotaped event sequence, and later viewing 
a novel event in a photograph, participants sometimes mistak-
enly claim that an event shown only in the photo occurred in 
the original videotape, another example of source memory 
confusion (Schacter, Koutstaal, Johnson, Gross, & Angell, 
1997).

In a general sense, our results by definition reflect a failure 
of source monitoring (Johnson, Hashtroudi, & Lindsay, 1993): 
Participants claimed that an event they saw after their museum 
tour occurred during the tour. However, we controlled for sim-
ple source confusion by presenting postevent information in 
both the reactivation-match and the reactivation-mismatch 
conditions. Thus, we did not examine the effect of the pres-
ence versus absence of postevent information, but rather 
looked at how postevent information differentially affected the 
false alarm rate in these two conditions.

Although simple source confusion does not account for our 
results, one could argue that postevent information was more 
similar to target information in the reactivation-match condi-
tion than in the reactivation-mismatch condition, and that 
source monitoring was therefore more difficult in the former 
condition (Johnson et al., 1993). We do not dispute this char-
acterization, nor do we believe it is inconsistent with an 
account focusing on the properties of reactivation, as matching 
reactivation cues by definition will resemble the original epi-
sode more than mismatching ones do. Rather, our data under-
score the need to explore further the relationship between the 
properties of reactivation and source monitoring.

Reactivation may not affect all memories equally in all 
contexts (Diekelmann et al., 2011; Wang, de Oliveira Alvares, 
& Nader, 2009); the recruitment of reactivation-induced 
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updating mechanisms may depend on the memory strength 
and the nature of new information presented during reactiva-
tion (Lee, 2009; Nader & Einarsson, 2010). Nevertheless, we 
propose that reactivation can selectively affect subsequent 
retrieval of individual memories, and that such reactivation 
may consequently enhance and distort later memory.

Reminders of past experiences occur frequently in daily 
life—potentially allowing individual memories to be strength-
ened and updated—so that memories continue to remain rele-
vant in the future. Here we have demonstrated that reactivation 
can modify memory for naturalistic events encoded during a 
museum tour, and we have provided evidence that the quality 
of reactivation is critical in supporting this dynamic and flex-
ible aspect of memory.
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